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ABSTRACT
The U. S. Geological Survey uses the Tellurom eter principally to in ­
crease the speed and reduce the costs of control surveys for topographic 
m apping. Increased accuracy is a welcome byproduct. In this application, 
it largely replaces triangulation and transit-and-tape traverse. Most of our 
Tellurom eter w ork consists of traverse, w ith  angles m easured by a one- 
second optical theodolite. Second-order accuracies are obtained at lower 
costs th an  for previous th ird-order work. All traverses are tied to the basic 
geodetic net. W here geodetic azim uth ties are not readily available, 
azim uths are obtained from Polaris observations. O ur basic traverse opera­
tions are supplem ented, w here appropriate, by a sm all am ount of tr ila té ra ­
tion, num erous side shots or radial m easurem ents from  strategically located 
control stations, and triangulation  intersections of conspicuous points. The 
Tellurom eter is also used effectively for testing the accuracy of finished 
maps.
This report presents some statistical data on quantities, accuracies, 
and costs, developed during about one year of operations of four field 
parties.
D ata-reduction problems included development of a visual aid for 
in terp re ting  Tellurom eter coarse readings and a plastic com puter for obtain­
ing the semivelocity of the radio wave in  the atm osphere as a function of 
wet- and dry-bulb tem peratures and barom etric altitudes. Vertical-angle 
m easurem ents are used to reduce Tellurom eter distances to horizontal and 
to sea level, and to compute elevations. The resulting geographic positions 
and elevations are adjusted by simple proration  or by least squares, as 
appropriate.
INTRODUCTION
Im provem ents in  m easuring  equipm ent or techniques are generally 
in tended  to accom plish one or both  of two m ajor objectives —  a) to increase 
the accuracy of a p a rticu la r type of m easurem ent, or b) to reduce the  tim e 
a n d /o r  cost of m aking the m easurem ent. It som etimes happens th a t a 
single developm ent can accom plish both  objectives, e ither sim ultaneously 
or alternatively. The T ellurom eter was developed to increase the speed 
w ith  w hich high-accuracy geodetic m easurem ents could be m ade. For this 
purpose it was intended to be com petitive w ith  triangu la tion  m ethods. An 
apparen t byproduct of the original in ten t is its application to lower-order 
surveys, where increased accuracy is a welcome addition to the savings in 
tim e and cost.
U.S. GEOLOGICAL SURVEY APPLICATIONS
The U. S. Geological Survey has found the T ellurom eter well suited 
to several types of operation. O ur requirem ents for basic horizontal control 
stipu la te th ird-order accuracy. In  open m ountainous terra in , such as the 
W estern  States, we have trad itionally  used netw orks of triangu lation  to 
locate control points at the requ ired  spacing density. In  the Central P lains 
areas and in  the E astern  States, w here triangu lation  w ould not be prac­
ticable w ithout building tow ers to overcome the ea rth ’s cu rvatu re or w here 
heavy tim ber cutting would be necessary to clear the lines of sight, transit- 
and-tape traverse has been used extensively. Most of the traverse lines have 
been ru n  along roads for ease of accessibility.
W ith  the Tellurom eter, bo th  m ethods of control have been modified. 
Most of our Tellurom eter w ork  consists of traverse; distances between 
stations are m easured w ith  the  T ellurom eter, and angles between courses 
are m easured w ith  a one-second, optical-reading theodolite. A lthough our 
basic requirem ents call for only th ird -o rder accuracy, we find the T ellu­
rom eter capable of producing second-order accuracy at no additional ex­
penditure  of time and effort. F or th is reason, we have im proved our angle 
m easurem ents beyond the needs of th irdrorder w ork and are obtaining 
essentially second-order surveys at lower cost th an  for our previous th ird- 
o rder control. Since the theodolite is present at each station  for horizontal- 
angle m easurem ent, we are also m easuring reciprocal vertical angles (or 
zenith distances) over each course. These vertical angles are used to reduce 
the m easured distances to horizontal and also to com pute elevations for 
supplem ental control in the m ore rugged areas.
At least one end, and preferab ly  both ends, of each traverse m ust be 
tied to the  national geodetic netw ork  of first- and second-order triangulation  
established by the U. S. Coast and Geodetic Survey. W hen convenient, a 
starting  azim uth is obtained by backsight on another triangu la tion  station, 
and a closing check azim uth is obtained sim ilarly. W hen geodetic azim uth 
ties are not readily available, az im uth  is obtained by observation on Polaris. 
If the traverse is long or has m any courses, additional in term ediate Polaris 
observations are required.
On those relatively ra re  occasions w hen good Tellurom eter m easure­
m ents can be m ade but stations are not optically intervisible because of 
atm ospheric conditions, intervening foliage, or sim ilar obstructions, tr ila ­
téra tion  techniques m ay be used. This m ethod is used, however, only when 
o rd inary  traverse m ethods are not practicable.
In the course of traverse operations, stations are som etimes located 
on high points overlooking large areas of the surround ing  countryside. At 
such stations, side shots are m ade by m easuring angles and Tellurom eter 
distances to o ther locations not on the m ain traverse line. A single, well- 
situated  traverse station m ay th u s be the central point from  w hich a large 
num ber of control stations are located radially. Usually the side stations 
are established by single rays from  the central station, som etimes by a spur 
traverse consisting of two or m ore courses.
W hen conspicuous n a tu ra l or m anm ade objects are visible at a distance 
from  several stations along a traverse route, it is not unusual to tu rn  angles 
to such objects from  several traverse stations to locate them  by triangu la­
tion intersection.
A nother im portan t application for the T ellurom eter has been found 
in  field-testing our finished m aps to check com pliance w ith  established 
standards for both horizontal and vertical accuracy. The T ellurom eter is 
used m ost effectively in th is application when one or m ore basic control 
stations are so situated  as to provide a good general view of the m apped 
area. A theodolite and Tellurom eters are set up at the controlling station 
and several roving Tellurom eters visit a large num ber of readily identifiable 
points shown on the map. D istances are m easured to each of these points 
from  the central station, together w ith horizontal and vertical angles, from  
w hich the positions and elevations of the m ap features are readily  com put­
ed to check the inform ation  shown on the m ap. These accuracy tests are 
m ade on only a specified percentage of our m aps, on a sam pling basis, and 
the  T ellurom eter technique is used in only those open areas in  the W est 
w here te rra in  and foliage conditions m ake it economical.
STATISTICAL DATA
The Topographic Division of the Geological Survey is organized geo­
graphically  into four operating areas. A though the end product — the 
topographic m ap —  is the same for all, te rra in  and other local conditions 
vary w idely between, and often w ithin, the areas. The field survey tech­
niques m ust necessarily be tailored to local conditions and cannot be too 
thoroughly  standardized. Similarly, a report on operating experience m ust 
reflect ra th e r wide variations among the item s included.
Our firs t Tellurom eters were delivered in  1957. A fter extensive fam i­
liarization, testing, and evaluation by our headquarters staff engineers, 
selected engineers were brought in  from  each of the areas for a short period 
of intensive tra in ing  and indoctrination. The equipm ent was delivered to 
our field personnel in  the spring of 1958, one m aster u n it and two remote 
units to each of the areas. This report therefore reflects about one year’s 
operating experiencè of four parties. Additional T ellurom eters were p u r­
chased later th a t year and were delivered late in 1958. T heir influence on 
these statistics is believed to be only m inor.
A pproxim ately 6 542 m iles of T ellurom eter lines were m easured in 
40 projects during  the year. These lines varied in  length  between 400 feet 
and  126 miles, w ith  an  average length  of 13.0 m iles per line. By far the 
bulk  of th is w ork consisted of traverse, as described above, to control about 
22 283 square m iles of m apping, b u t 305 m iles w ere involved in trila té ra tio n  
and 835 m iles in  accuracy test surveys. Traverses varied from  two to 33 
courses, w ith  an  average of 8.8 courses between ties. About 1 414 stations 
were occupied, and 1 377 new stations were established.
Accuracies atta ined  are ind icated  by circu it closures of closed traverse 
loops or by checks on first- or second-order geodetic stations. These 
closures include the errors in  the angle m easurem ents as well as those 
rem aining in  the basic geodetic net a fte r its own ad justm ent. (Some of the 
geodetic stations connected by T ellurom eter traverse were widely separated 
along th e ir respective triangu lation  arcs). The average proportional closure 
was 1 p art in  54 000, the apparen t best w as 1 in  338 800, and the poorest 
was 1 in 9 300. In term s of linear error, the best closure was 0.28 foot, in  
a 9.5 mile traverse; the poorest, 7.5 feet, in  a 13.2 m ile traverse.
The cost of th is w ork varied greatly, according to local conditions and  
needs and the  experience level of the  operating personnel. T hroughout the 
Division, the cost of Tellurom eter w ork, including transporta tion , recon­
naissance, angle m easurem ent, o ther related  field activities, and overhead 
averaged about $ 124.75 per station , $ 32.07 per linear mile, or $ 8.97 per 
square m ile of m apping controlled. These costs com pare w ith  average 
triangu lation  costs of $217.55 per s ta tion  and  $7.95 per square mile, and 
w ith average transit-and-tape traverse costs of $ 67.36 per linear mile and 
$ 15.31 per square mile.
DATA REDUCTION
One of the firs t problem s we encountered in  tra in ing  new personnel 
was in  the in te rp re ta tion  of the coarse distance readings. Some beginners 
have difficulty in  visualizing the decade re la tionsh ip  th a t exists between 
the respective differences of the A p a tte rn  and  the B, C, and D p atte rn  
readings, w hereby the tens digit of one difference helps determ ine the 
proper units value of the adjoining difference. F or th is problem , we found 
a visual aid very helpful. W e prepared  a ch a rt w ith  four dials, each w ith 
a movable pointer. W e then  com pared th is series of dials w ith  those on 
the fam iliar gas m eter or electrical w att-hour m eter and  explained how a 
full revolution of the pointer on one dial produces a sim ultaneous 1/10 
revolution on the adjoining dial, and  showed the studen t how m inor ad ju s t­
m ent can be m ade in  each of the  differences to m ake them  consistent 
w ithout changing the overall picture.
Perhaps our m ost significant contribu tion  to the sim plification of the 
data-reduction problem  was our T ellurom eter Com puter, for com puting the 
semivelocity of the radio wave th rough  the atm osphere. The original 
recom m endation of the T ellurom eter m anufac tu rer called for determ ining 
first the vapor pressure of the atm ospheric m oisture, then  its barom etric 
equivalent, then  the index of refraction , and finally  the velocity. W e in ­
vestigated various tables th a t w ere available from  the Sm ithsonian In s titu ­
tion, the B ureau of S tandards, and the  W eather B ureau. All the available
tables require interpolation, usually in  two directions. A lthough not diffi­
cult, the procedure was tim e consum ing. W e considered various charts  and 
nom ogram s th a t were available or could be produced easily. T hen we 
discovered a sem im echanical chart th a t had been prepared by the Naval 
E lectronics Laboratory for determ ining the index of refraction of the a ir 
under various conditions. From  the NEL report we extracted the com bina­
tion of parts  th a t best suited our needs and modified it to fit our own 
requirem ents. The final com puter is prepared  photographically on a plastic 
base by contact prin ting  from  a negative original. It consists of two parts, 
a base and a ro tating  sector. The base contains a series of spiral curves 
representing wet-bulb tem peratures. Surrounding these curves are two 
sem icircular scales, one representing the 4th, 5th, and 6th decimal places 
of the index of atm ospheric refraction, and the other showing one-half 
the corresponding velocity of propagation in  feet per millim icrosecond. The 
sector has on radial scale for dry-bulb tem perature, w hich rides over the 
wet-bulb curves, and a circular scale representing barom etric pressure bu t 
graduated  in  feet of altitude because our field engineers use barom etric 
altim eters instead of ordinary barom eters. The two parts of the com puter 
are riveted together at the common centers of the circular scales so th a t 
the sector is free to rotate.
In use, the dry-bulb scale of the sector is ro tated  over the spiral wet- 
bulb curves of the base to bring the two tem perature readings into coinci­
dence. E ither the semivelocity or the refractive index m ay then  be read on 
the base at the appropriate altitude m ark  of the sector. Thus, by a single 
setting of the com puter, the semivelocity of the radio wave m ay be read 
as a function of wet- and dry-bulb tem peratures and barom etric altitude. 
A num ber of m inor approxim ations were m ade in  the design and construc­
tion of th is com puter. The resulting readings m ay not be adequately precise 
for the h ighest-order surveys, except at low barom etric altitudes, bu t are 
well w ith in  acceptable tolerance for m ost practical applications. W e believe 
th a t the com puter is essentially as accurate as is justified  by the quality  
of the m eteorological m easurem ents m ade and their wide separation in  a 
nonhom ogeneous atm osphere.
Tellurom eter slope distance is obtained by m ultiplying the Tellurom eter 
tran s it time, corrected for crystal tem perature, by the semivelocity obtain­
ed from  the com puter. W e have determ ined th a t the difference in  length 
between the actual curved ray path  and the corresponding chord is insign i­
ficant for the lengths and accuracies w ith w hich we are concerned. For 
reduction to horizontal, we m ultiply the slope distance by the cosine of 
the vertical angle, properly corrected for vertical refraction. W here recipro­
cal vertical angles have been m easured, the m ean of the two angles is the 
corrected vertical angle. W e have found th a t altim eter readings are usually  
not good enough for reduction to horizontal if the difference of elevation 
is appreciable. The horizontal distances apply to the m ean elevation of the 
line; they are reduced to sea level by the usual form ulas. Again we find 
the difference between chord and arc to be insignificant.
Differences of elevation are com puted as the product of slope distance 
and the sine of the corrected vertical angle.
To convert our Tellurom eter survey data to geographic positions, we 
first ad ju st the angle m easurem ents. The convergence of m eridians is
com puted and  applied betw een azim uth  ties to determ ine the am ount of 
in stru m en ta l error. This erro r is th en  p ro rated  am ong the respective angle 
m easurem ents, and  geographic positions are com puted by the usual tr ia n ­
gulation form ulas. If the traverse consists of a single chain  of lines, the 
position closure is p ro ra ted  along th e  chain. If it consists of a netw ork of 
loops or closed circuits, it is ad ju sted  by the usual least-squares m ethods. 
F or th is  purpose we find  our E lectrical Survey-Net A djuster (ESNA) very 
effective. The elevations determ ined from  the vertical-angle m easurem ents 
are ad justed  sim ilarly.
